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Summary 
In case of existing concrete structures, the estimation of the characteristic strength values from 
limited data is a difficult, but important task. There are currently different assessment methods 
available, among which the classical coverage method, a Bayesian procedure with vague prior 
distributions (as mentioned in EN 1990) and the method described in EN 13791. With respect to the 
assessment of existing structures, the authors have developed and investigated an Adjusted Partial 
Factor Method, which is compatible with current Eurocodes, but additionally enables to incorporate 
alternative target reliability levels and reference periods and also additional information based on 
e.g. on-site inspection data and data from testing. In this contribution the influence of the different 
fractile estimation methods on the safety level of concrete structures is investigated, considering the 
Adjusted Partial Factor Method. The performance of the different estimation methods are evaluated 
and compared using Monte Carlo simulations and FORM analyses. 
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1. Introduction 
In contrast to the design of new structures, the assessment of existing structures often relies on the 
subjective judgement of the investigating engineer. However, in a previous analysis the authors 
have showed that an objective verification format for existing structures is feasible and they 
proposed an Adjusted Partial Factor Method for existing structures [1,2], enabling a rather simple 
and straightforward, but objective and coherent safety evaluation of existing concrete structures by 
practitioners. The proposed framework is compatible with the current Eurocodes for the design of 
new structures, but additionally enables to incorporate alternative values for the target reliability 
level, alternative values for the reference period and also updated information based on e.g. on-site 
inspection data and data from testing, as these all considerably influence the partial factors in the 
structural reliability assessment of existing structures.  
In case of concrete structures, the estimation of the characteristic strength values from limited data 
is a difficult, but important task when assessing the performance of existing structures. There are 
currently different assessment methods available in literature. First of all, the classical coverage 
method can be used for this assessment of the characteristic in-situ compressive strength fck,is from n 
test results. Otherwise, based on the standards ISO 12491 [3], ISO 13822 [4] and ISO 2394 [5], the 
characteristic strength may also be determined using a prediction method which is referred to as a 
‘Bayesian procedure with vague prior distributions’, which is also incorporated in the European 
Standard EN 1990 [6]. Finally, the assessment can also be based on the European standard EN 
13791 [7], which considers criteria which are closely linked to conformity assessment. 
These estimation methods inherently result in an additional uncertainty with respect to the 
parameters of probabilistic models used in risk analyses and as such these phenomena are important 
to consider when comparing the risk-based performance of partial factor methods for existing 
structures. Although specifically applied to concrete strength, this contribution provides an original 
framework for combining the performance of estimation methods and structural risk analyses, 
which can also be used for other structural parameters which have to be assessed when dealing with 
existing structures.  
2. Available fractile estimation methods 
2.1 The classical coverage method 
According to the classical coverage method the lower α fractile estimate αxˆ  is determined in such 
a way that the probability that the estimated αxˆ  is lower that the exact fractile αx  is equal to a 
chosen confidence level γ, which yields Eq. (1). This confidence level γ  is often assumed to be 0,75, 
0,90 or 0,95 [8]. 
[ ] γαα =≤ xxˆP    (1) 
If concrete strength is considered as a normally distributed variable and the coefficient of variation 
Xδ  is unknown, the sample standard deviation Xs  needs to be calculated and the estimated value 
is,ckfˆ  is calculated as: 
( )Xis,ck dxfˆ  1 λ−=    (2) 
with λ a coefficient depending on n and γ and xsd XX =  the sample coefficient of variation. 
Hence, the coefficients λ depend on the sample size n and on the confidence level γ. The most 
important advantage of this method is the explicit knowledge of γ, which is the probability that the 
estimate is,ckfˆ  will be on the safe side of the actual value is,ckf . To take account of statistical 
uncertainties, a value of γ = 0,75 is recommended for this case in ISO 2394 [5]. However, when an 
unusual reliability level is required, a higher confidence level of 0,95 would be more appropriate [8].  
Table 1 provides an overview of the coefficients λ in case this coverage method is used and the 
coefficient of variation is unknown. 
  
Table 1: λ values for the classical coverage method with unknown coefficient of variation [8] 
 n 
 3 4 5 6 7 10 20 ∞ 
γ = 0,75 3,15 2,68 2,46 2,34 2,19 2,10 1,93 1,64 
γ = 0,90 5,31 3,96 3,40 3,09 2,75 2,57 2,21 1,64 
γ = 0,95 7,66 5,14 4,20 3,71 3,19 2,91 2,40 1,64 
 
2.2 Bayesian method with vague prior information (EN1990) 
In Annex D of the European Standard EN 1990 [6], which is in agreement with the International 
Standards ISO 2394 [3], ISO 12491 [4] and ISO 13822 [5], an estimation method is mentioned, 
which is called a ‘Bayesian prediction method with vague prior distributions’. Based on the 
assumption of a normal distribution, this method estimates the characteristic concrete strength with 
the same equations as for the classical coverage method. So, the characteristic strength is estimated 
based on the same Eq. (1) in case the coefficient of variation is unknown. 
The parameter λ, however, has different values compared to those which were mentioned in the 
previous section. Based on classical Bayesian statistics, the coefficient λ in case of an unknown 
coefficient of variation can be shown to be: 
n
t ,;n
1
10501 += −λ    (3) 
with 0501 .;nt −=λ  the 5% fractile of the t-distribution with n - 1 degrees of freedom. 
A major advantage of this Bayesian method is that no arbitrary assumptions (such as the choice of a 
confidence level γ) are needed, as was the case in the previously mentioned classical coverage 
method. Instead, all relevant information obtained by the test results is used in order to update the 
vague prior information and based on this updated distribution, the characteristic value is 
determined. 
Table 2 provides an overview of the coefficients λ in case of this Bayesian method with vague 
priors. These values are also provided in the European Standard EN 1990 [6].  
 
Table 2: λ values in case of a Bayesian method with vague priors and unknown δX [8] 
n 3 4 5 6 7 10 20 ∞ 
δX unknown 3,37 2,63 2,33 2,18 2,00 1,92 1,76 1,64 
 
Note that in case of an infinite number of test samples, these values again reduce to the theoretical 
value of 1.64. Further, note that the λ values, in case δX  is unknown, are comparable with the λ 
values in case of the coverage method with γ = 0,75, although the statistical background of both 
methods is different [9]. 
2.3 The EN 13791 method 
The European Standard EN 13791 [7] describes yet another estimation method for the in-situ 
characteristic compressive strength of concrete. The background of the prescribed method is unclear, 
but the method seems closely correlated to the conformity criteria of EN 206-1 [10], although these 
have a completely different purpose [11]. 
The method described in EN 13791 distinguishes 2 statistical procedures, namely in case 15 or 
more test results are available (approach A) and in case 3 to 14 test results are available (approach 
B). In case 15 or more test results are available (approach A), is,ckf  is estimated by:  
{ }4 2 +−= minis,ck x;skxminfˆ   (4) 
with s  the sample standard deviation with a minimum value of 2 MPa, 2k  a coefficient given by 
national provisions or – if no value is given – taken as 1,48 and minx  the lowest in-situ compressive strength test result. 
In case only 3 to 14 test results are available (approach B), is,ckf  is estimated by: 
{ }4+−= minis,ck x;kxfˆ   (5) 
with k  = 7 in case 3 ≤ n ≤ 6, k = 6 in case 7 ≤ n ≤ 9 and k = 5 in case 10 ≤ n ≤ 14. 
Note that in case n > 15 still a parameter value of 1,48 is used and that this value does not converge 
to the theoretical value of 1,64 as was the case for the 2 previously described methods. This is due 
to the completely different design philosophy which was used for the derivation of the parameters 
for the conformity criteria in EN 206-1. An improvement with respect to the performance of the 
estimation method was analyzed in [11,12] considering the use of approach A also when less than 
15 test results are available and to base appropriate k2 coefficients for values of n < 15 on the same 
conformity control design principles as used for the derivation of the value 1,48. Appropriate values 
can e.g. be found in [11-13], e.g. resulting in the use of k2 = 2,67 in case of n = 3 test results. 
3. The Adjusted Partial Factor Method 
The basic philosophy of the Adjusted Partial Factor Method consists of calculating an adjusted 
partial factor exist,Xγ  for existing structures, considering alternative values for the reference period 
tref, the target reliability index β and the coefficient of variation δX  of the variable under 
consideration. For a given variable X  this partial factor is established by simply multiplying the 
partial factor Xγ  as provided in the Eurocodes for new structures by an adjustment factor γω , i.e.: 
( ) XXrefexist,X ,,t γδβωγ γ ⋅=   (6) 
Due to the fact that the method recognizes the target reliability level as an input parameter, the 
proposed framework remains valid under different human life and economic cost-optimization 
considerations (i.e. under different national or international economic considerations). Suitable 
methods for decision making related to the target reliability index can e.g. be found in [14-17]. 
Considering the Simplified Level II method developed by König & Hosser [18] for the derivation of 
partial factors for a semi-probabilistic Level I design format, which is also included in EN 1990, 
equations can be suggested for the adjustment factor γω . Consequently a set of easy-to-use graphs 
can be generated, which is an importance advantage for the practical applicability of the proposed 
design format by practitioners. For these graphs, reference is made to previous publications by the 
authors in [1-2,19]. An overview of the proposed adjustment factors is given in the following table. 
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In Table 3 the characteristics with respect to new structures are designated with ‘ and those for 
existing structures with “, β  is the reliability index (allowing for an alternative target value climβ  
for climatic actions) , tref the reference period (most often considered equal to the remaining 
working life) and Xδ  is the coefficient of variation associated to the variable under consideration. 
Further, the sensitivity factors Rα  and Eα  are considered invariant under the adjustment procedure 
(which is true in case of the Simplified Level II approach) and are commonly chosen 0,8 and -0,7, 
respectively. 
The partial factors related to the model uncertainties Rdγ , G,Edγ  and Q,Edγ  mentioned in Table 3 
can in general be calculated according to (7) and (8), respectively. 
( )θδβαγ tRRd ,4011 −=  (7) 
θδβαγ tEEd ,401−=  (8) 
For material properties, it is more common to consider 2 types of model uncertainties, namely 
probabilistic model uncertainties and geometrical uncertainties, i.e. 21 RdRdRd γγγ ⋅=  [20]. The 
associated coefficients of variation θδ  are provided in Table 4, together with Xδ ′ . 
Table 4: Coefficients of variations (COV) 
Resistance/load 
variable 
COV θδ  of model uncertainty of 
resistance/load effect 
COV Xδ ′  of material property/load 
considered for new structures 
Concrete strength 07501 ,c,Rd, =θδ , 07502 ,c,Rd, =θδ  150,c =′δ  
Steel yield strength 0201 ,s,Rd, =θδ , 0402 ,s,Rd, =θδ  050,s =′δ  
Permanent load 0650,G, =θδ  100,G =′δ  
Imposed load 110,Q, =θδ  4505 ,,Q =′δ  
Climatic load 110,Q, =θδ  25050 ,,Q =′δ  
 
4. Influence of fractile estimation on the safety level of existing structures 
A thorough investigation of the numerical performance of the different estimation methods was 
previously performed by the authors, hence referring to [12]. In the current contribution the 
influence of the fractile estimation of concrete strength on the structural reliability of concrete 
columns is assessed using FORM analyses. Consider the following limit state function for a short 
concrete column subjected to compression: 
( ) ( ) ( )trefEycccR QGKfAfAKXg +−+=       ρα  (9) 
with RK  the resistance model uncertainty, ccα  the long-term effect on concrete strength, A  the 
cross-sectional area, cf  the concrete strength, ρ  the reinforcement ratio, yf  the yield strength of 
the reinforcement, EK  the load effect uncertainty, G  the permanent load effect and trefQ  the 
imposed load effect related to a reference period tref. Probabilistic model characteristics are chosen 
according to the suggestions of the Joint Committee on Structural Safety [21], considering a 
reinforcement ratio of 1%, a cross-sectional area of 0,6 x 0,3 m², a concrete strength class C30/37 
and reinforcement steel S500. For more detailed information about the specific probabilistic model 
reference is made to [2]. 
In case the fundamental load combination (6.10a,b) according to EN 1990 is used to assess the 
column strength under compression, the verification criterion can be written as: 
{ }trefQkGkQQ,kG
s
yk
c
ck
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f
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γ
f
 b hα    ;       0 γγξγψγγ
ρ ++=+  (10) 
with Gγ  the partial factor for the permanent load, i.e.  1,35;  kG  the characteristic value of the 
permanent load effect;  Q,0ψ  a factor for the combination value of the imposed load effect, i.e. 0,7; 
Qγ  the partial factor for the imposed load,  i.e. 1,5;  trefQ  the characteristic value of the imposed 
load effect associated to a reference period tref; and ξ  a reduction factor for the permanent load,  i.e. 
0,85. Rearranging Eq. (10) and introducing the load ratio ( )kkk QGQ +=χ , leads to the following 
permanent load effect value associated to a specific geometry, reinforcement ratio and load ratio: 
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Further, in case of existing structures, the nominal values of the parameters in (10) have to be 
assessed. In case the concrete strength is estimated for laboratory testing on drilled cores, in (11) 
ckf  has to be replaced by ckfˆ , defining the estimation error ζ  by the relation ckck ffˆ  ζ= .  
In order to establish a probabilistic model for the estimation error ζ  in case of the different 
estimation methods (in order to include this additional uncertainty in the reliability analysis) Monte 
Carlo simulations are executed. 100 000 samples of the estimated value is,ckfˆ  are generated, 
considering a standard deviation for the concrete strength of MPa 5=σ . The results in terms of the 
mean and standard deviation of the estimation error ζ  in function of the number of test samples n 
used for the estimation are given in Figs. 1 and 2. 
The classical coverage 
method and the estimation 
method according to EN 
1990 result in a safe 
estimation of the 
characteristic strength, 
which however is 
becoming rather 
conservative in case only a 
few samples are used for 
the estimation. On the 
other hand, the method 
according to EN 13791 
yields an overestimation of 
the characteristic concrete 
strength. In case of the 
latter method, however, the 
variability of the 
estimation error is smaller 
(due to the independence 
from the sample standard 
deviation in case less than 
15 test results are used). 
Further, also the partial 
factors have to be adjusted 
in case of existing 
structures. In this 
contribution, the suggested 
Adjusted Partial Factor 
Method described in 
section 3 is used for this 
purpose. The adjustment 
factor for concrete strength 
is however dependent on 
the estimated coefficient of 
variation, i.e. according to 
the ratio δδ ′ˆ . Similar 
Monte Carlo simulations 
are executed in order to 
establish the mean and 
standard deviation for this 
estimated ratio in case of 
the different estimation 
methods. Consequently, 
the mean and standard 
deviation of the adjusted 
partial factor for concrete 
strength can be 
approximated according to 
(12) and (13) respectively. 
Fig. 1: Influence of the number of test samples  
on the mean of the estimation error ζ   
Fig. 2: Influence of the number of test samples  
on the standard deviation of the estimation error ζ  
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Considering lognormal distributions for ζ  and exist,cγ  (with derived characteristics as previously 
described), a FORM analysis is performed in order to investigate the influence due to the concrete 
strength estimation from test samples on the structural safety. The results are visualized in Fig. 3 in 
case β” = 3,1.  
The classical coverage 
method and the EN 
1990 method yield a 
higher safety level. 
However, in case only 
a few concrete 
samples are used for 
the assessment (i.e. 
less than 5), the EN 
13791 yields a higher 
safety level, mainly 
due to the reduced 
variability with 
respect to the 
estimation error. 
When the variability 
due to the estimation 
method is not 
considered, in this 
case β would be 3,6. 
Comparisons in case 
of 750,cc =′′′ δδ  and 
251,cc =′′′ δδ  result in 
similar conclusions. 
Further simulations 
proved that the 
relative performance 
of the different estimation methods is  not influenced significantly by the assumed value of the 
standard deviation for the concrete strength. The same observation can be made when an estimation 
method is used based on a lognormal distribution. 
5. Conclusions 
Currently, there are 3 methods which are commonly used for the estimation of the in-situ 
characteristic concrete compressive strength. The probabilistic performance of these 3 methods 
were analyzed and compared using numerical Monte Carlo simulations. Further, these estimations 
were taken into account in the structural reliability analysis for existing structures, assessed using 
the Adjusted Partial Factor Method. The performance of the classical coverage method and the EN 
1990 method are comparable and yield a higher safety level when more than 5 test samples are 
considered. However, in case only very few concrete samples are used for the assessment (i.e. less 
than 5), the EN 13791 yields a higher safety level, mainly due to the reduced variability with 
respect to the estimation error. Further, the analysis also showed that for the investigated situation, 
taking more than 8 test samples into account does not lead to an increase in safety level. 
Fig. 3: Influence of the number of test samples on the reliability index  
of a short concrete column subjected to compression  
(in case 1=′′′ cc δδ , %1=ρ , 50,=χ ) 
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